INTRODUCTION
============

Cerebral hyperperfusion syndrome (HPS) is caused by rapidly increased blood flow into chronically hypoperfused parenchyma with resultant impaired autoregulation.^[@ref1],[@ref2]^ It is a relatively infrequent but potentially severe complication following carotid artery stenting and large cerebral aneurysm treatment.^[@ref3]-[@ref7]^

Flow-diverter stent placement is an effective treatment method for large or giant cerebral aneurysms located on the proximal side of the posterior communicating artery (e.g., internal carotid artery \[ICA\] paraclinoid or cavernous segment), and therefore has gained widespread acceptance in recent years.^[@ref8],[@ref9]^ This treatment can preserve the parent artery using one or multiple stents and can promote aneurysm thrombosis or shrinkage, thereby preventing cerebral aneurysm rupture and improving cranial nerve palsy, especially that associated with eye movement. However, delayed intraparenchymal hemorrhage (DIPH) not associated with aneurysm rupture occurs in 2.4%--4.6% of cases following flow-diverter stent deployment, and this complication represents a significant potential limitation to its application.^[@ref8]-[@ref10]^ The mechanism underlying DIPH is unknown, but one possible candidate is HPS. The incidence of DIPH appears to be higher following stent deployment for giant aneurysms than for smaller aneurysms.^[@ref11]^ Therefore, we hypothesized that large or giant aneurysms may create flow resistance, and reducing this resistance by flow-diverter stent deployment leads to HPS. Therefore, we investigated the features of large cerebral artery aneurysms that enhance flow resistance by creating various computational fluid dynamics (CFD) models of the ICA with large aneurysms at the siphon region.

MATERIALS AND METHODS
=====================

Model
-----

A virtual U-shaped ICA vessel model was created with a spherical aneurysm at the siphon portion using the commercially available three-dimensional (3D) formation software 123 Design (Audodesk, San Rafael, CA). The ICA diameter was set to 5 mm, the straight length to 120 mm, and the siphon diameter to 15 mm ([Fig. 1a](#fig1){ref-type="fig"}), and the stick angle, size, or neck diameter of the aneurysm was varied. In angle models, the aneurysm size (15 mm) and neck diameter (7.5 mm) were fixed, and the angle was changed from 0° to 180° in 30° increments (seven models). In aneurysm size models, the angle (60°) and neck diameter (7.5 mm) were fixed, and the aneurysm size was changed (10, 15, and 20 mm). In neck diameter models, the angle (60°) and aneurysm size (15 mm) were fixed, and the neck size was varied (6, 7.5, and 10 mm).

![Diagrammatic representations of the virtual internal carotid artery (ICA) model with a spherical aneurysm\
(a) The ICA diameter is 5 mm, the length of the straight portion is 120 mm, and the siphon diameter is 15 mm. (b) Fixed inlet and outlet cross-sections are assumed. The pressure loss between the inlet and outlet for each time phase and the average pressure loss over one cardiac cycle are calculated.](2186-3326-81-0629-g001){#fig1}

Computational Fluid Dynamics
----------------------------

The mesh size minimum and maximum were 0.1 mm and 0.3 mm, respectively. At the boundary layers adjoining the vascular walls, four prism layer meshes were created with an outermost layer thickness of 0.04 mm. CFD calculations were performed using ANSYS CFX version 14.5 (Cybernet Systems Co., Ltd, Tokyo, Japan). We assumed that the circulating fluid is Newtonian and incompressible, with a specific density of 1054 kg/m^3^ and a viscosity of 3.8 mPa·s. A rigid wall with no-slip boundary conditions was applied. A pulsatile physiological flow waveform measured in the ICA of physically healthy volunteers using 3D cine phase-contrast magnetic resonance (MR) imaging was used to impose boundary conditions at the inlet, and a pressure boundary condition of P = 0 was applied at the outlet. Two cardiac cycles were simulated, and we used the second cycle as the result for each model. Systolic streamlines were calculated and are displayed as color contour images.

Evaluation
----------

We adopted systolic streamlines as representative of the flow stream in each model because they effectively visualize the complex dynamic flow into the vessel and aneurysm. The vorticity in each aneurysm was calculated over one cardiac cycle by vorticity equations using the same CFD software. The vorticity in an aneurysm indicates the complexity of the flow stream. We assumed a fixed inlet and outlet ([Fig. 1b](#fig1){ref-type="fig"}) and calculated the pressure loss between the inlet and outlet in each time phase as well as the average pressure loss over one cardiac cycle. The average pressure loss and vorticity over one cardiac cycle were compared among models of a specific type (angle, size, and neck) and to the model constructed with identical conditions except for the aneurysm (no-aneurysm model).

RESULTS
=======

Streamlines, the vorticity in each aneurysm, and pressure loss were obtained in all the ICA plus aneurysm models distinguished by different aneurysm angles (0°--180° in 30° increments) with constant size and neck width (15 mm and 7.7 mm) ([Fig. 2](#fig2){ref-type="fig"}), aneurysm sizes (10, 15, and 20 mm) with fixed angle and neck width (60° and 7.5 mm) ([Fig. 3](#fig3){ref-type="fig"}), and neck diameters (6, 7.5, and 10 mm) with fixed angle and body size (60° and 15 mm) ([Fig. 4](#fig4){ref-type="fig"}). There was almost no difference in pressure loss between the 0° aneurysm model (97.7 Pa) and the non-aneurysm model (96.1 Pa). The highest average pressure loss was found in the 60° model (128.2 Pa). Among the angle models, the changes in average pressure loss and vorticity exhibited similar trends ([Fig. 2b, 2c](#fig2){ref-type="fig"}). In contrast, aneurysm size had little influence on average pressure loss at the same neck width and angle (10 mm: 130.3 Pa; 15 mm: 123.0 Pa; 20 mm: 126.2 Pa) ([Fig. 3b](#fig3){ref-type="fig"}). The vorticity was lowest in the 15 mm aneurysm model (22.5 × 10^6^/s) ([Fig. 3c](#fig3){ref-type="fig"}).

![Results of various angle aneurysm models\
Streamlines of the systolic phase (a), graph of pressure loss and difference in average pressure loss between the indicated model and the no-aneurysm model (b), and graph of vorticity with changing angle (c). The aneurysm diameter (15 mm) and the neck diameter (7.5 mm, dome/neck ratio: 2) were fixed. (a) The most vertical streamlines into the aneurysm neck are observed for the 60° model. For the 90° and obtuse-angle models, the streamlines into the aneurysm neck are changed because of the siphon curve. Collisions between streamlines passing by the aneurysm and streamlines emerging from the aneurysm are observed around the neck in all the models. (b) The 60° angle results in peak pressure loss. The pressure loss decreases with higher angles but increases again at 180°. (c) The vorticity also peaks at 60° and then decreases progressively.](2186-3326-81-0629-g002){#fig2}

![Results of various aneurysm diameter models\
Streamlines of the systolic phase (a), graph of pressure loss and difference in average pressure loss between the indicated model and the no-aneurysm model (b), and graph of vorticity with changing aneurysm diameter (c). The aneurysm angle (60°) and neck diameter (7.5 mm) were fixed. The pressure loss does not change substantially with aneurysm diameter. The vorticity is lowest in the 15 mm aneurysm model.](2186-3326-81-0629-g003){#fig3}

![Results of various aneurysm neck diameter models\
Streamlines of the systolic phase (a), graph of pressure loss and difference in average pressure loss between the indicated model and the no-aneurysm model (b), and graph of vorticity with changing neck diameter (c). The aneurysm angle (60°) and diameter (15 mm) were fixed. A larger neck width increases the number of streamlines into the aneurysm, causing greater pressure loss and vorticity.](2186-3326-81-0629-g004){#fig4}

Larger neck width increased the complexity of streamlines in the aneurysm ([Fig. 4b](#fig4){ref-type="fig"}). Increasing neck width yielded both greater average pressure loss (6 mm: 108.2 Pa; 7.5 mm: 123.1 Pa; 10 mm: 147.4 Pa) and average vorticity (6 mm: 10.96 × 10^6^/s; 7.5 mm: 22.48 × 10^6^/s; 10 mm: 33.75 × 10^6^/s) ([Fig. 4c](#fig4){ref-type="fig"}).

Therefore, angle and neck width but not aneurysm size markedly influenced pressure loss and vorticity of flow within the ICA model.

DISCUSSION
==========

Pressure Loss and Vorticity
---------------------------

The flow rates at the inlet and outlet are the same for each model because of fixed geometry; therefore, total energy loss is proportional to pressure loss. The total pressure loss can be divided into loss across the vessel (ΔPv) and from the proximal to the distal side of the aneurysm (ΔPa), as shown below:

ΔP = ΔPv + ΔPa (1)

The vessel component of pressure loss (ΔPv) is mainly caused by flow separation and friction on the vessel wall. In our models, ΔPv was roughly equivalent; hence, the total pressure loss compared with that of the non-aneurysm model was determined primarily by the specific geometric characteristics of the aneurysm. The vorticity in our models mainly reflects the fact that the complexity of streamlines inside the aneurysm, and the higher vorticity in the aneurysm, indicates greater total energy loss. This is the reason why the vorticity and pressure loss demonstrated similar trends in the angle models (except that the pressure loss was larger at 180° than at 120° or 150°, whereas the vorticity was smaller). In this specific case, the pressure loss across the vessel element (ΔPv) was larger than across the aneurysm element (ΔPa). In contrast to location (angle), the pressure loss was almost the same among the three aneurysm size models, whereas the average vorticity differed. It is speculated that pressure loss across the vessel element (ΔPv), which is mainly due to friction of the vessel wall, and the collision of aneurysm in- and out-streams strongly influence the total pressure loss (ΔP). Furthermore, greater neck width increased both vorticity and pressure loss across the aneurysm. Therefore, both aneurysm location and neck size were associated with pressure loss. Pressure loss and vorticity are distinct physical entities. However, in this model with fixed vessel conditions, similar trends were observed because vorticity within the aneurysm accounted for most of the pressure drop (i.e., energy loss).

DIPH and HPS
------------

Flow-diverter stents are relatively new devices for the treatment of intracranial large or giant aneurysms. The placement of flow-diverter stents promotes thrombosis and shrinkage within the aneurismal sac, preventing rupture and improving cranial nerve palsy.^[@ref10]^ The periprocedural and mid-term follow-up results of this treatment have been impressive, with a high rate of complete occlusion of the aneurysm and relatively low rates of morbidity and mortality.^[@ref10],[@ref12]^ However, the rate of DIPH not associated with aneurysm rupture after flow-diverter stent deployment is 2.4%--4.6%, representing a significant potential limitation of this treatment strategy.^[@ref8]-[@ref10]^ The mechanism for DIPH is not established, but proposed explanations include hemorrhagic transformation of ischemic stroke,^[@ref13]^ HPS,^[@ref4]^ dual antiplatelet therapy or P2Y12 receptor overinhibition,^[@ref14]^ and hemodynamic alterations.^[@ref11],[@ref12]^ According to a recent review, most cases of DIPH appear within the first week (less than 1 day in 24% and 1--7 days in 42% of cases) and the vast majority within 1 month (86%).^[@ref11]^ However, it has proven difficult to predict risk from these findings, possibly because of the unpredictability of thrombosis in the aneurysm sac.^[@ref10],[@ref12]^

Several factors likely contribute to DIPH. Our modeling results suggest that a large or giant aneurysm can induce substantial pressure loss, resulting in HPS after flow-diverter stent deployment. According to these modeling results, aneurysm location and neck size are the main factors accounting for pressure loss across the aneurysm. It is possible that calculation of pressure loss across the aneurysm using CFD before stent deployment may be useful for predicting DIPH risk, especially using CFD simulations in which vascular geometry is obtained by 3D computed tomography or 3D rotation angiography and patient-specific boundary conditions are obtained from 3D cine phase-contrast MR imaging.^[@ref17],[@ref18]^

Limitations
-----------

This study has a number of limitations. The actual ICA has branches, tortuosity, variable arteriosclerosis or stenosis, and a more complex siphon shape than our U-shaped model. These factors may influence the pressure loss, but we focused only on aneurysm geometry. Moreover, our virtual model includes a rigid wall condition, which is unlike a human vessel. Further experiments are necessary to examine how these factors affect pressure loss.

CONCLUSION
==========

In vitro analyses of the geometric characteristics of large ICA aneurysms in the siphon portion indicate that the location (angle) and neck diameter are major influences on flow resistance and pressure loss. Removal of this pressure loss by stent deployment may lead to HPS, which in turn is a possible contributing factor to ipsilateral DIPH. If so, applying this computational method for the calculation of pressure loss between the proximal and distal sides of a large aneurysm before flow-diverter stent deployment may help in predicting the risk of DIPH.
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